ABSTRACT
Introduction
Experimental studies on flow inside internal combustion (IC) engines using the laser Doppler anemometry (LDA) and particle tracking velocimetry (PTV) can provide details of real flow inside the cylinder (Li et al., 2001 and Gasparetti et al., 1996) . However, the use of such experimental technology is usually expensive and timeconsuming. As an alternative, the use of computational aided engineering (CAE) and computational fluid dynamics (CFD) has become popular in optimisation design of IC engines. The results of CFD modelling usually have to be validated against experimental work. Once the validation is obtained, the clear advantages of CFD modelling are the repeatability of simulations for studying different settings and conditions, time-saving for predicting turbulent flow in view of an optimisation process without the costly need for a prototype. Also, the models and their settings can be recorded for further investigations. CFD modelling of turbulent flows inside combustion chamber of vehicle engines have been used for many years (Mao et al., 1994 , Affes et al., 1998 , Chen and Shih, 1997 , Gharakhani and Ghoniem, 1997 , Lebrere et al., 1996 , Pierson and Richardson, 1999 and Zhu, 1995 . The increase of computing capabilities allows studies of full cycle engine simulation with dynamic motions of valves and piston (Affes et al., 1998 , Pierson and Richardson, 1999 and Zhu, 1995 . The k-e model is used in most of those studies and usually shows good agreement with experimental comparisons (Zur Loye et al., 1989 , Kono et al., 1991 , Chen et al., 1998 and Yavuz and Celik, 1999 . The studies usually depict in-cylinder tumble and swirl for an optimisation of the fuel mixing. measurements (Pitcher et al., 2003) for a model validation, re-processed in time dependant axial mean velocity for the comparison.
Model Development

Dynamic Mesh of Inlet Valve and Piston Movements
An important aspect that must be taken into account in dynamic mesh modelling is the inlet valve movement, because the valve is continuously reciprocating during the stroke. In this study, The CFD code FLUENT is used. The camshaft profile is given for every 2 CAD of the engine cycle. Thus, a valve position text file is created to be inserted as a profile into the calculations. The inlet valves lift has a maximum of 8.5 mm at 100 CAD and the exhaust valves lift has a maximum of 8 mm at 616 CAD. The other important aspect of dynamic modelling is the piston displacement. The crankshaft rotates around its axis and its motion is defined by a crank angle  relative to this axis. During the inlet stroke, the piston is pulled by the connecting rod and moves downward linearly from Top Dead Centre (TDC) to Bottom Dead Centre (BDC). In the meantime, the two inlet valves are opened and the exhaust valves remain closed. The displacement of the piston can be determined based on the crank-angle, stroke and connecting rod length. The piston position p can be defined by:
where a is the crankshaft radius, l is the connecting rod length. The dynamic mesh type needs to be selected depending on each part of the geometry. For this study, the upper part of the cylinder including the inlet ports is meshed using tetrahedrons and pyramids. The cells directly in contact with the valves stems are meshed using hexahedrons and prisms which allow the layering option to be activated. This enables the valves movements. The local remeshing is set to remesh the cells around the valves for every step to avoid cell distortion. Also, the lower part of the cylinder is meshed using hexahedrons and prisms. The software will simulate the piston motion by creating layers of cells. Since different mesh types are adopted for the upper and lower portions of the cylinder, the two mesh systems have to be matched.
Engine Parameters
The engine experimental data used for model validation are based on Laser Doppler Anemometry (LDA) measurements conducted by Pitcher et al., 2003. In Due to experimental limitations, the laser beams are set to measure velocity vectors on only three different planes, namely 1, 2 and 3 planes. The plane 1 is the cross-plane cutting inlet and outlet ports at Y=0mm; the plane 2 is the centre-plane of the cylinder at X=0mm and the plane 3 is the cross-plane cutting inlet and outlet ports at 18 mm from the centreline at Y=-18mm. Figure 2 illustrates those three planes on different views for a better understanding. It can be seen that plane 1 and 3 are separated by 18 mm on the Y axis. As the flow pattern from the two inlet valves is expected to merge at the centreline, the 3 plane is used to measure the velocity vectors of only one inlet valve. The boundary condition imposed on the inlet port is pressure-inlet and the piston and the valves are defined as moving walls. The valves are defined and matched to the velocity profile to be updated for each crank angle degree. The convergence criteria for velocity and continuity are set to 10 -4 . For the convergence criteria discussed, the simulation usually takes 70-80 iterations to converge. Thus the maximum number of iterations is specified as 200, allowing the simulation to converge far before the maximum number of iterations is reached. Specification of a maximum number of 200 iterations hence avoids the simulation running endlessly whilst achieving a satisfactory compromise for model accuracy. The numerical details for this particular geometry and engine speed are specified. The hydraulic diameter de of the entrance of the inlet port is calculated from:
where Ain is the wetted area of the entrance of the inlet port and p denotes the perimeter. The area Ain can be directly obtained from the software Gambit (Ain = 1.45  10-3 m²). The perimeter p of the inlet can be also obtained (p = 0.1503 m). This gives a hydraulic diameter value of 0.0385 m.
The measured piston stroke is 88.2 mm. Hence, the average piston speed is 4.41 m/s at 1500 rpm. It can only be assumed that the flow velocity induced inside the inlet port is higher than the one in the cylinder due to the chamber vacuum and inlet surface restriction. Therefore, the minimum Reynolds number is defined inside the cylinder. The gas used here is set as air. The operating pressure is assumed to be 101,325 Pa. The density at 300 K is set at  = 1.225 kg/m³ and the dynamic viscosity  = 1.7910-5 kg/ms. The Reynolds number can be determined for the combustion chamber:
Since the Reynolds number inside the combustion chamber is greater than the critical Reynolds number of 2300, it can be concluded that the flow through the whole cylinder is turbulent.
The maximum flow velocity should be found around the inlet port outlet area during the intake stroke. It can be estimated knowing the piston area (5.1  10 -3 m²), the maximum piston velocity and the area of both inlet port outlets (7.7  10 -4 m² each). The maximum piston velocity is found to be 7.31 m/s at 74 CAD. Assuming that the maximum piston speed occurs at full valve lift, an estimation of the maximum flow velocity for each inlet port outlet is found to be 24.2 m/s. Further, a simulation of both the intake and the compression stroke is studied to confirm the estimated value. The maximum flow velocity was found to be 60.2 m/s around the intake valves at 54 CAD for a valve lift of 6.7 mm. The remaining parts of the cylinder volume depict lower flow velocities during both the intake and the compression stroke. Knowing the maximum flow velocity within the cylinder, the Mach number can now be calculated to determine if the cylinder content can be modelled as a compressible or an incompressible flow. The Mach number M can be expressed as:
where  is the velocity of the cylinder flow and  so u n d is the speed of sound. The numerical work aims to replicate the LDA measurement conditions where air at ambient temperature was induced into the cylinder.
The speed of sound in dry air at 300 K is found to be 348 m/s. Using the maximum flow velocity in the cylinder seen around the inlet valves (60.2 m/s), the maximum Mach number is found to be 0.17 which is located in the incompressible flow region of the Mach number flow regimes. Since the value found is lower than the sub-
sonic flow of 0.3, the fluid contained in the cylinder can be modelled as incompressible flow without affecting the results.
Turbulence Model
The k- model (Launder and Spalding, 1972) has been used in many previous studies on the turbulent flow inside a cylinder. The turbulent kinetic energy k and its dissipation rate  are calculated from the following transport equations:
is the Reynolds stresses transportation
is the turbulent k production due to temperature gradient,   represents pure dissipation and 2 RT is the dissipation due to internal state.
The turbulent viscosity is related to k and  by:
The above equations contain six adjustable coefficients C , C1, C2, C3, k and . The renormalization group (RNG) k- model (Yakhot and Orszag, 1986 ) which has been chosen to conduct this study has a similar form to the standard k- model except for their coefficients. Hence, the RNG k- model can be solved in exactly the same way as the standard k- model. Two main coefficients of Equations (6) and (7) have been modified in the RNG k- model of the Fluent code: the coefficient C2 in the dissipation term and the eddy viscosity  . C2 in Equation (7) is replaced by C * , defined as 
where  is the inverse effective Prandtl number, and  eff which is based on the RNG theory:
is calculated from the following differential equation
Results
The simulations are set to match a step size of 1 CAD when possible and 0.5 CAD when a moving part is included. If the full cycle of 720 CAD is calculated with a step angle size of 0.5 CAD, the simulations take 1440 steps per cycle to complete. However, the step angle size needs to be reduced as low as 0.05 CAD during dynamic movement of the piston and the valves. Figure 4 represents the step angle size for the first cycle for an engine speed of 1500 rpm. It can be noted that the crashes mainly happen during the valve movements.
Also, depending on the engine cycle number, crashes may occur at different crank-angles. As an illustration, Table 2 enumerates the number of steps needed for three cycles with engine speeds of 1500 rpm. The time test is based on simulations with one core of an Intel dual-core 6600 2.4 GHz processor and 2 GB of RAM. This gives an excessive amount of data collected. Therefore, an average result is necessary to describe the overall performance of the model. In order to define how the numerical model predicts the flow patterns inside the whole cylinder, each point of the specific plane can be averaged for its own value in time as shown in The percentage accuracy of the model is impaired at the end of the compression stroke. Considering a part of the cycle with a minimum mean velocity of 2m/s would allow obtaining a more representative value of CFD accuracy. From 40 CAD to 280 CAD, the average RMS difference is higher than previous define range, but the overall prediction of the model is increased to 78.32 %. The CFD results obtained can be used to describe the development of the intake flow pattern inside the cylinder using velocity vectors. Two typical crankshaft angles of 90 CAD and 180 CAD are selected to characterise the flow field development inside the cylinder, which corresponds to the second half of the intake stroke. At these angle values, the corresponding displacement of the inlet valves is 8.41 mm and 3.12 mm for 90 CAD and 180
CAD, respectively. It should be noted here that the maximum inlet valve lift of 8.5 mm occurs at a crankshaft angle of 100 CAD, corresponding to a piston displacement of 59.17 mm. Figure 12 shows the velocity field development in inlet port symmetry plane for two crankshaft angles. At a crankshaft angle of 90 CAD, the tumble motion is just formed as can be seen from Figure 12a Figure 12b is moving upward in the cylinder. It is noticed that a secondary vortex marked  is formed at the bottom right-hand side of the cylinder as a result of resultant interaction of flow deflection by the piston, the inertia of the impinging jet and their differences in strength. This clockwise vortex confirms that the rotating tumble vortex  is faster than vortex . The sizes of the two major tumble vortices increase due to the increase in cylinder volume.
Conclusion
In the present study, a dynamic mesh CFD simulation of transient flow inside an internal combustion engine cylinder during the intake stroke has been conducted using the real movement of the piston and valves. The first part intends to validate the model with a comparison between experimental and simulated data. It is found that the calculations are in good agreement with the LDA measurements in particular for the positive radial line of points and top half of the cylinder. An over-prediction is noticed for the negative radial lines of points at the bottom half of the cylinder. The second part of the study describes the development of the flow pattern inside the cylinder at the symmetrical cross section. The conclusions drawn from this study are summarised as follows:
(1) The crank angle step size needs to be reduced to avoid simulation crashes.
(2) The ports de-activation during the simulations can saved up to 40 % of the total computational time. 
